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SUMMARY 


An investigation has been made to determine the first— order vibra- 
tory stresses induced in propellers of conventional design when rotating 
in the flow field of a wing— nacelle— fuselage combination, and to thus 
enable careful evaluation of the steps essential to the prediction of 
these stresses. Thrust measurements were obtained by means of propeller- 
wake surveys in order to define the magnitude of the force changes (the 
oscillating air loads) experienced by the blades. Stress measurements 
were made simultaneously to obtain the propeller response to the oscil- 
lating air loads. Three— and four-blade, hollow, steel propellers having 
diameters of approximately 13 feet were used in the investigation. 

Two significant conclusions may be drawn regarding the accuracy of 
existing methods of predicting the oscillating air loads on, and the 
resultant first— order vibratory stresses in the propellers. Steady— state 
propeller theory was adequate for the prediction of the magnitude and 
distribution of the oscillating air loads, provided the known complete 
flow— field characteristics were used. With the known oscillating air 
load, an accurate prediction of nonresonant, first-order vibratory 
stresses was obtained. These two conclusions are believed to be appli- 
cable to propellers of conventional design for low blade-angle settings, 
provided that the blades are unstalled and supercritical speeds are not 
encountered. 


INTRODUCTION 

The rotation of a propeller (inclined or noninclined) in an unsym- 
metrical flow field results in oscillating air loads on the blades. 
Unsymmetrical flow fields have been found to be present at the propeller 
plane for wing-nacelle-fuselage combinations. Of particular concern is 
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that component of the oscillating air loads induced "by such unsymmetrical 
flov fields which completes one cycle (wave form approximately sinusoidal) 
for each revolution of the propeller blade. This oscillating air load 
and the associated vibratory stresses are termed first order. The magni- 
tude of the stresses can be quite high even when the frequency of the 
vibration is far remote from resonance. 

Existing methods of computation have not always satisfactorily 
accounted for the first— order vibratory stresses measured during flight 
investigations. This may have been due either to inherent inaccuracies 
of the methods themselves, or a lack of exact knowledge of operating con- 
ditions, or both. In order to provide experimental data suitable for use 
in evaluating the methods of stress prediction, an investigation was made 
in the Ames 40— by 80— foot wind tunnel wherein complete instrumentation 
and precise control of operating conditions could be obtained. 

Data were obtained for evaluating the procedure of each of the fol- 
lowing three steps which are necessary in predicting first-order vibra- 
tory stresses: 

1. Computation of the characteristics of the flow field 

2. Computation of the air— load variation on the propeller operating 

in this flow field 

3. Computation of the stresses due to this air— load variation 

In order to obtain the necessary information for step 1, stream-angle and 
velocity surveys were made at the propeller plane before installing the 
propeller. With the propeller installed, thrust and stress measurements 
were made to provide the necessary information to evaluate the procedure 
of steps 2 and 3. 

Comparisons have been made of experimental and predicted results for 
all steps. The comparisons of flow-field results are given in reference 1. 
Presented herein are comparisons of predicted and experimental air— load 
distributions and predicted and experimental stress distributions. 


NOTATION 

A blade cross-sectional area, square inches 
b blade-section chord (basic airfoil), inches 
b s extension of blade— section chord, inches 

b^. total blade— section chord (basic airfoil plus extension), inches 
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C 


z a 


c t 


design section lift coefficient ("basic airfoil) 

section thrust coefficient ( sect ion , tjyust \ 

\ pn 2 D 4 J 


A c^ value of the section thrust coefficient at any angular position 

minus the value at the zero angular position 

d c distance from "blade— section neutral axis to extreme fiber on camber 
surface (upper surface), inches 

d^ distance from blade— section neutral axis to extreme fiber on thrust 
surface (lower surface), inches 

D propeller diameter, feet 

h blade-section thickness, inches 

h Q ordinate measured from the chord line of the basic airfoil to the 
camber surface of a section, inches 

h^. ordinate measured from the chord line of the basic airfoil to the 
thrust surface of a section, inches 

■^max momen *k inertia (maximum) of an entire section about an axis 

passing through the section centroid in the plane of the section, 
perpendicular to the chord line, inches 4 

I m in moment of inertia (minimum) of an entire section about an axis 

passing through the section cen.tr oid in the plane of the section, 
parallel to the chord line, inches 4 

N propeller rotational speed, revolutions per minute 

n propeller rotational speed, revolutions per second 

r radius to any blade section, inches 

R tip radius, inches 

t c skin thickness, camber surface, inches 

t^ skin thickness, thrust surface, inches 

V Q free-stream velocity, miles per hour 
fraction of tip radius (r/R) 


x 


k 
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T cg distance, measured perpendicularly, from chord line of "basic air- 
foil to centroid of the section, inches 

Y s distance, measured perpendicularly, from chord line of basic air- 
foil to center of trailing— edge radius of the extended section, 
inches 

<Xq geometric angle of attack of the airplane thrust axis, degrees 
3 section blade angle, degrees 
p mass density of air, slugs per cubic foot 

H angular position about the thrust axis, measured counterclockwise 
from the upper vertical position as viewed from the front, 
degrees 


APPARATUS AND METHODS 


Test Airplane and Propellers 


The twin— engine, fighter— type airplane used for the investigation 
is shown in figure 1. The size and location of the propeller disk rela- 
tive to the components of the airplane, as well as the principal dimen- 
sions of the airplane, are shown in figure 2. In order to provide pre- 
cise control of operating conditions during the test and also to avoid 
engine— excited propeller vibrations, the reciprocating engine in the port 
nacelle was replaced by a 1500— horsepower electric motor. This change 
necessitated moving the propeller plane forward, as shown in figure 2. 
Only the port nacelle was instrumented for the investigation. 

Three— and four— blade, hollow, steel propellers of Curtiss blade 
design 7^-^— 1C2-0 having diameters of 13 feet 2 inches were used in the 
investigation. The blade— form curves and section properties of the test 
propellers are presented in figures 3 and 4, respectively. 


Ins trumentat i on 


The propeller blades were instrumented with Baldwin-Southwark, type 
SR— 4-AD7> wire strain gages. Since first-order propeller vibrations occur 
as flatwise bending (bending about an axis parallel to the chord lines), 
the gages were located along the maximum thickness line of the blade with 
the axis of the gages parallel to the centroidal axis of the blade. Only 
one of the blades of each propeller was fully instrumented with strain 
gages as shown in figures 5(a) and 5(b). The strain— gage locations 
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shown in figure 500 are those used, when the f our— blade propeller was 
tested. For tests of the three— blade propeller, four additional gages 
were placed on the camber surface to provide a gage spacing of 3 inches 
from blade station 18 to blade station k2. All other blades were provided 
with gages on the shank and over the anticipated maximum^-s tress region of 
the blade on the camber surface so that the phase relationship between 
blades could be obtained. Kemotely controlled switches, located forward 
of the propeller hub (fig. 5(c)), enabled rapid recording of the output 
signals of 40 electrical strain gages at any propeller operating condi- 
tion. An individual bridge circuit, which included three fixed resistors 
located adjacent to the switches (fig. 5(c)), was provided for each strain 
gage. The power for the bridge circuits was transmitted through the 
Curtiss pitch control (brush and slip— ring assembly) and the gage output 
signals were transmitted through silver slip rings and silver graphite 
brushes to the recorder. 

The output signals of the gages were recorded directly, without 
amplification, by a Consolidated 2k— channel, moving-coil— type oscillo- 
graph with type 7— L15 galvanometers attenuated with approximately 180 ohms 
damping resistance. 

The propeller rotational speed and blade angular position were indi- 
cated by timing lines and pulses on the oscillograph record. One pulse 
occurred per revolution. It was produced by the voltage induced in a 
fixed coil by the passage of a small alnico magnet attached to the silver 
slip— ring assembly. 

The rakes for surveying the propeller wake were located 8 inches aft 
of the propeller plane and were spaced at 45° increments around the 
nacelle. (See figs. 1 and 6.) Each rake consisted of seven shielded 
total— head tubes spaced radially at 8— inch intervals. The pressure meas- 
urements were indicated on a multiple— tube manometer board and were photo- 
graphically recorded. 


Calibration of Strain-Gage Instrumentation 


The strainr-gage factors were determined by statically loading a blade, 
measuring the strains at each gage position with a Tuckerman (optical- 
type) strain gage, and simultaneously recording the local resistance— gage 
output indicated by a sensitive galvanometer. The gage factors were found 
to be within the values specified by the manufacturer* The measured 
strains were found to be in good agreement with those obtained by calcu- 
lations using the known blade— section properties, except in the region of 
highest strain where local deformation occurred. The galvanometer ele- 
ments were calibrated individually in order to obtain both frequency 
response and phase characteristics. The sensitivity of the system, gal- 
vanometer displacement for a given resistance change, was checked periodi- 
cally during the tests. This was accomplished by statically unbalancing 
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the bridge circuits with precision resistors, and recording the result- 
ing galvanometer displacements. Dynamic calibration of the system was 
also made by exciting the propeller with electronic vibration equipment 
at controlled frequencies and amplitudes. 


TEST CONDITIONS 


The various test conditions are given in the following table: 


Variable 

^0 .tsR 
(ieg) 

(deg) 

Vo 

(mph) 

N 

(rpm) 


20 

10 

75 

4 l 0 to 805 

Propeller speed 

20 

10 

i4o 

810 to 955 


20 

8 

165 

960 to 1250 


12.5 

10 

100 

670 to 1250 

Angle of attack 

20 

-2 to 8 

165 

1090 , 1175 , 
1265 

Free stream velocity 

20 

6 

0 to 173 

1010 


12 -5 

10 

0 to 138 

1250 


Because of model— power, tunnel-airspeed, and tunnel— balance— load limit- 
ations, the propeller could not be operated over the entire rotational- 
speed range for all angles of attack and tunnel airspeeds. 

REDUCTION OF DATA 
Analysis of Stress Records 

Since the recording galvanometers and the complete strain— gage 
system were calibrated, the stresses were directly obtained from the 
oscillographic traces. These traces were relatively free from external 
disturbances and remained periodic during the recording at specific 
propeller operating conditions. The vibration oscillations included 
not only first— order (once per revolution, or IP), but also second— order 
(twice per revolution, or 2 P) oscillations. The components were readily 
separated by use of the method of superposition described in reference 2. 


Analysis of Propeller Wake-Survey Data 

The thrust coefficients were computed from wake surveys by the 
method given in reference 3. This method required measurements of total- 
head pressure immediately aft of the propeller plane in the absence of 
the propeller and in the presence of the propeller. Previous work 
(references 3 and k) has shown this method to be an acceptable means of 
measuring thrust. 
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RESULTS AND DISCUSSION 

The results of this investigation, which provide the necessary 
information for evaluating steps (2) and (3) in the prediction of first- 
order vibratory stresses, will be presented in the following manner. 
Typical air— load measurements will be presented and the evaluation of 
the method of computation of the air load will follow. Typical stress 
results will then be presented and the evaluation of the method of com- 
putation of the stress will follow. Most of the results presented are 
for the four— blade propeller since they are generally representative of 
those for the three— blade propeller, except as will be noted. The 
effect of the blade instrumentation on the air loads and resultant 
stresses is believed to be small since the agreement in magnitude of the 
blade stresses for the fully instrumented blade and the blades of lim- 
ited instrumentation was within the accuracy of the measurements. 


Oscillating Air Loads 


The aerodynamic excitation of a propeller (inclined or noninclined) 
results from the change in blade normal force incurred during a revolu- 
tion of the propeller. Since the thrust is a direct function of the 
normal force, the thrust change may be used as a measure of the oscil- 
lating air load. Hereinafter thrust will be referred to as air load, 
and for convenience the coefficient form c^ will be used. 

Measured air loads .— Typical values of the measured air loads are 
presented in figure 7 wherein the section thrust coefficient c^ is 
plotted as a function of the angular position ft around the disk for 
one set of test conditions for the four— blade propeller installation. 
These results were not corrected for slip-stream rotation which primarily 
affects the position of the air load with respect to ft, but has little 
effect on the measured magnitude of the air load. It may be noted that 
the wave— form characteristics of the oscillating air loads for each of 
the various blade stations are quite similar and that the respective 
maximum and minimum thrust values occur at very nearly the same angular 
position. Si m i la r results were obtained at other propeller operating 
conditions for both the three— and four— blade propeller installations. 

Comparison of measured and predicted air loads .— The method used 
for predicting the oscillating air loads (reference 1) was derived from 
a propeller theory based on steady-state conditions. The flow-field 
data of reference 1 were used for the computations. Figure 8(a) shows 
a comparison of the measured and the computed variations of the incre- 
mental section thrust coefficient Act with angular position ft. 

The comparisons are for a blade section at the 0. 7-radius stations of 
the propeller. The component parts of the measured and calculated air 
loads are shown in figure 8(b). The principal component is first— order 
(IP) and the remainder, second— order (2P). (in fig. 8(b), to enable 
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better comparison, the curves for each, component of both experimental and 
predicted air— load variations have been displaced vertically so that they 
have a mean value of zero) hence, the addition of the respective compo- 
nents would result in wave forms identical in shape but vertically dis- 
placed from those shown in fig. 8(a).) The adequacy of the method of com- 
putation is demonstrated by the agreement as to both magnitude and wave 
form. No attempt is made to account for the phase difference between the 
measured and computed variations since it is only the magnitude of the 
air loads which are of concern in the prediction of the stresses. 

Excellent agreement was also obtained for other blade stations. This 
is indicated in figure 9, which compares the computed and measured distri- 
butions of the maximum variations of the first— order incremental section 
thrust coefficient. The measured results were reduced from the data pre- 
sented in figure 7 . These plots are typical of those used in the computa- 
tion of the first-order air— load bending moments. It may be concluded 
from the comparisons presented in figures 8 and 9 that steady— state pro- 
peller theory is adequate for the prediction of the oscillating air loads. 


Vibratory Stresses 


Measured Stresses.— The term "total stress" will be used in this 
report to designate one— half the vibratory stress fluctuation indicated 
by the wave forms on the oscillograph records. As previously noted, the 
total stress was composed of both first— and second— order stresses. The 
values of total stress as well as the first— and second— order stress com- 
ponents are presented where appropriate. 

The effects of the test variables on vibratory stress are presented 
in figures 10 to 13, inclusive. The effect of propeller rotational speed 
for the four-blade propeller is shown in figures 10 and 11. The data of 
figure 10 are for the 2k — inch blade station which was near the region of 
maximum stress, anrl those of figure 11 are for the blade shank. The 
curves (fig. 10) are discontinuous because of the previously mentioned 
limitations on operating conditions. (See section entitled "Test Condi- 
tions.") The effect of thrust-axis inclination on the stresses measured 
at the 2k — inclwadius station of the propeller is shown in figure 12, and 
the effect of forward velocity is shown in figure 13. In obtaining the 
do fca all factors and variables were held constant except one, the effects 
of which were being studied. It may be noted in figures 10(b) and 11 
that the first— order stress component increased uniformly with propeller 
rotational speed. This characteristic was expected even in the absence 
of resonance since the air load increased with rotational speed. Stress 
predictions (shown later) based on nonresonant conditions for the highest 
rotational speeds encountered during the test indicate the conditions to 
be far remote from resonance. The variation of first— order vibratory 
stress with thrust— axis inclination is shown in figure 12 to be linear. 
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The variation of first— order vibratory stress with forward velocity is 
shown in figure 13 to be approximately linear over the speed range tested. 
Although the stress variations shown are for two selected blade stations, 
in general, they are typical for other blade stations. 

Two occurrences of resonance in the second-order vibration pattern 
were found for the four— blade propeller and are indicated in figure 10(c). 
The first occurred at approximately 475 rpm and the second at approxi- 
mately 1175 rpm. The phase relations between blades and the stress dis- 
tributions indicated that the two modes were, respectively, the f und a — 
mental reactionless mode in flatwise bending, and the fundamental reac— 
tionless mode in edgewise bending. The stress peak resulting from the 
latter resonant condition is quite apparent from the shank stress meas- 
urements (fig. 11). In neither case of second— order resonance was there 
a measurable effect on first— order stress at either the 2k — inch blade 
station or the blade shank. A reactionless mode cannot be excited in a 
propeller having three blades; hence the second— order characteristics 
found for the three— blade propeller were somewhat different from those 
obtained for the four-blade propeller. In the case of the three— blade 
propeller, only one condition of resonance was encountered during the 
tests. The mode was identified as the unsymmetrical fundamental mode 
and was excited at a rotational speed of 460 rpm. 

Comparison of computed and measured stress distributions .— The com- 
puted stresses presented in this report were obtained by use of the 
integration method developed by the Propeller Division of the Curtiss— 
Wright Corporation (reference 5). The basic assumptions of the method 
are that the vibration is nonresonant, the oscillating air load variation 
is sinusoidal, and the blade is not twisted and has a blade angle equal 
to that of the blade section about which the major part of the blade 
tends to deflect. Estimates of blade aeroelastic twist for the maximum 
stress loadings indicated such twist to be negligible and therefore, the 
effects of twist were omitted in the stress computations. 

The oscillating air load variations used in the stress computations 
were obtained from theoretical computations; however, either theoretical 
or experimental air load distributions could have been used since the 
magnitude of the loadings were in good agreement. 

Comparisons of computed and measured stress distributions are pre- 
sented in figures l4 and 15. The comparisons in figures l4(a) and l4(b) 
are for test conditions at which the highest IP stresses were encountered 
for the four— blade propeller at blade-angle settings of 20° and 12— l/2°, 
respectively. The comparison presented in figure 15 is for the three- 
blade propeller when operating at the same test conditions as given in 
figure 14(a). The higher magnitude of the stresses for the three-blade 
propellers is due to greater aerodynamic loading per blade resulting 
from lower propeller— induced flow angles. 
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Good agreement for all comparisons may be noted for all radial loca- 
tions except in the region of highest stress. The slight disagreement 
found here is "believed due to local deformation, characteristic of hollow- 
steel propellers without internal stiffeners. Such disagreement was 
noted between computed and measured stresses for a static loading condi- 
tion of the propeller. 


CONCLUSIONS 

Two significant conclusions may be drawn regarding the accuracy of 
existing methods of predicting the oscillating air loads on, and the 
resultant first-order vibratory stresses in the investigated propellers. 
These two conclusions, which are believed to be applicable to conventional 
propellers when operating with low blade-angle settings below stall and 
supercritical speeds, are as follows: 

1. Steady— state propeller theory was adequate for the prediction 
of the magnitude and distribution of the oscillating air loads , provided 
the complete flow— field characteristics were known. 

2. With the known oscillating air load, an accurate prediction of 
nonresonant, first— order vibratory stresses was obtained. 


Ames Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 

Moffett Field, Calif. , Dec. 8, 1950 

REFERENCES 

1. Roberts, John C., and Yaggy, Paul F. : A Survey of the Flow at the 

Plane of the Propeller of a Twin-Engine Airplane. NACA TN 2192, 
1950. 

2. Jfenley, R. G. : Wave Form Analysis . John Wiley &. Sons , Inc., N.Y., 

1945 . 

3. Reid, Elliott G. : Wake Studies of Eight Model Propellers. NACA 

TN 1040, 1946. 

4. Pendley, Robert E.: Effect of Propeller-rAxis Angle of Attack on 

Thrust Distribution Over the Propeller Disk in Relation to Wake- 
Survey Measurement of Thrust. NACA APR L5J02b, 1945. 

5. Stulen, F. B. , and DeVries, J. A.: Calculation of the First-Order 

Vibratory Propeller Blade Stresses by the Integration or Simplified 
Matrix Method. Report C-2132, Curtis s-Wright Corp., Propeller Div. , 
(Caldwell, N. J.), Jan. 27, 1950. 



Figure 1.- The airplane mounted in the Ames 40— by 80— foot wind tunnel. 
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Figure 3. - Blade-form curves for the test propellers, Curtiss type 

744-IC2-0. Diameter, 13 feet, 2 inches. 
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Figure 4. 


Blade-section properties for the test propeller , Curtiss type 
744-IC2-0. Diameter x ; /J feet 9 2 inches. 
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(a) Camber surface of fully instrumented blade. 


Figure 5.— Instrumentation of test propeller. 




42 inch radial station 


Blade radius 





(b) Strain- gage location on fully instrumented blade 




Figure 5.- Continued. 
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(c) Gage selector switches, bridge resistors, slip rings, and brush assemblies. 




Figure 5.— Concluded. 
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Figure 6.— Propeller wake— survey rake installation. 
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Figure 7- Measured variation of the section thrust coefficient c t with 
angular position S2. V 0 , 165 mph ; a r , 8° ; N, 1250 r pm ; ft 7 * R , 
20° i four-blade propeller. 
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(a) Variation of the total incremental thrust coefficient with angular position. 



(b) Variation of the first- and second- order components with angular position. 

Figure 8. - Comparisons of computed and measured section thrust- coef- 
ficient variations at the 0.7- radius station of the propeller. V 0 , 
165 mph- t a Qt 8°; N t 1250 rpm- t /} 20° four-blade propeller. 



Figure 9. - Comparison of the computed and measured distributions of the maximum variations 
of the first-order (IP) incremental section thrust coefficient. V 0 , 165 mph; N, 1250 rpmj 
* G , 8°; fi 75R , 20° ; four-blade propeller. 
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Propeller speed, N , rpm 

(a) Variation of the total vibratory stress with propeller rotational speed. 



(b) Variation of the first-order (IP) component with propeller rotational speed. 
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(c) Variation of the second-order (2 P) component with propeller rotational speed. 


Figure 10. - Vibratory stress measured at the 24-inch radius station } four- 

blade propeller. 
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Figure II. - Vibratory stress measured at shank (ll-inch station) 
V 0 , 165 mph ; a G , 6 °} fi 75 r, 20° •, four- blade propeller. 


Vibratory stress f psi 


30 


MCA TN 2308 



Thru st- axis inclination , a e , deg 


Figure 12.- Variation with thrust-axis inclination of first-order 

(IP) vibratory stress at the 24-inch station. V 0 , 165 mph 

jS .20°: four- blade propeller. 
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Figure 13- Variation with stream velocity of first-order (IP) vibratory stress at the 

24- inch station. Four-blade propeller. 
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(a) V 0 , 165 mph ; N, 1250 rpm ; a G , 8 ° ; /3 75R , 20 0 
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(b) V 0 , 100 mph; N, 1250 rpm } a Q , 10° ; $ 75 R> !2 5° 

Figure 14. - Comparison of the computed and measured stress distri- 
butions for the four -blade propeller. 
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Figure 15. - Comparison of the computed and measured stress distri- 
butions for the three- blade propeller. V 0 , 165 mph ; N, 1250 r pm-, 

a G > 8 °-> fi 75R > 20 °- 
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